Abstract: This account describes the discovery and development of mild and efficient protocols for the generation of highly reactive nitroso compounds to allow their subsequent use in previously inaccessible or challenging chemistries.
Introduction
The advancement of basic and applied research in materials science, medicine, biology, and agriculture rely on synthetic chemists to develop new methods to access architecturally diverse molecules. Such transformations that enable the direct construction of carbon-nitrogen and carbon-oxygen bonds utilizing inexpensive and readily available starting materials have the potential to greatly impact the scientific community. A powerful but less commonly utilized approach to forming carbon-nitrogen and carbon-oxygen bonds involves the use of an electrophilic synthon. There are several electrophilic synthons available to transfer a nitrogen or an oxygen heteroatom, 1 but nitroso compounds belong to a unique class in that they can transfer both heteroatoms from a single source. 2 Within the family of nitroso compounds, nitrosocarbonyls represent a potentially ideal electrophile: they are highly reactive, readily available, and easy to manipulate after the reaction. 3 However, progress in this area is not extensive and, prior to 2012, bond-forming examples were limited to the hetero-Diels-Alder 3 and ene reactions. 4 Thanks to recent advances, nitrosocarbonyl compounds now have three associated modes of reactivity (Scheme 1): attack at the carbonyl carbon (path a), 5 or at either the nitrogen or the oxygen heteroatom of the nitroso moiety (path b). 6 In principle, the window of reactivity to develop new transformations with nitrosocarbonyls is still wide open. While a number of excellent reviews on nitroso DielsAlder 3 and ene reactions already exist, 4 this review highlights the recent advances in nitrosocarbonyl chemistry (Scheme 1, B). The emphasis is given to processes that utilize aerobic oxidation as a mild protocol to generate the highly reactive nitrosocarbonyl species in situ, examples using other mild oxidation processes will also be illustrated. Although a number of parameters can be used to define a mild oxidant, within the context of nitrosocarbonyl chemistry a mild oxidant refers rather broadly to any conditions that enable a single-pot transformation to occur while avoiding extensive decomposition of the product bearing a hydroxamic acid motif. The hetero-Diels-Alder reaction is excluded because it is well known that the products derived from this reaction are stable to a variety of in situ oxidation protocols.
Scheme 1 Reactions of nitrosocarbonyl compounds: A) modes of reactivity; B) advances in nitrosocarbonyl chemistry
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Formation of Nitrosocarbonyl Compounds
Nitrosocarbonyl compounds are an extremely reactive and short-lived species. In 2003, King and Toscano estimated their lifetime to be approximately one millisecond at infinite dilution. 7 Due to the transient nature of nitrosocarbonyl species, they can only be generated in situ, for which numerous methods have been developed (Scheme 2). 8 The most widely utilized method is the oxidation of lead and silver oxides, 10 Dess-Martin periodinane 11 and Swern conditions. 12 In addition, there are multiple examples of using transition metals to catalyze the transformation with stoichiometric amounts of peroxides as the terminal oxidant. 13 Recently, Tan and co-workers described the formation of nitroso intermediates under visible-light irradiation using Rose Bengal organic dye as the photoredox catalyst. 14 Other methods to generate nitroso species include photocleavage of 1,2,4-oxadiazole-4-oxides 3, 15 the oxidation of nitrile oxides 4, 16 the rearrangement of nitrocarbenes generated from diazo compounds 5 17 and the cycloreversion from 9,10-dimethylanthracene adducts 6.
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The Nitrosocarbonyl Ene Reaction
While the nitrosocarbonyl hetero-Diels-Alder reaction is used extensively in synthesis, 3, 19 the nitrosocarbonyl ene reaction is much less explored. 20 Owing to the importance of allylic amines for the construction of α-and β-amino acids, alkaloids and carbohydrate derivatives, 21 the development of novel oxidation protocols that lead to the expansion of nitrosocarbonyl ene chemistry would have a significant impact. One of the major limitations with developing the nitrosocarbonyl ene reaction has been that harsh and/or dangerous reaction conditions are typically used to generate the desired nitroso species. This results in poor yields when applied to chemical transformations that are more sensitive than the hetero-Diels-Alder due to the decomposition of reaction products. For example, when cyclohexene reacts with the in situ periodate oxidation of hydroxamic acid 2, the desired ene reaction leads only to decomposition. To allow nitrosocarbonyls to participate in the ene reaction, Keck 18a and Kirby 18b independently developed a similar two-step transfer protocol that relied on the thermo-retro cleavage of Diels-Alder adducts. Using this method, which only requires heat to reveal the nitroso species, the ene adduct can be isolated in high yield (Scheme 3). This indicates that there is no inherent instability of the nitrosocarbonyl ene adducts, and that the single-pot reaction can be used as a platform to identify and evaluate new milder protocols that will avoid problems associated with product decomposition.
Scheme 3
Oxidation protocol determines yield of ene reaction; DMA = 9,10-dimethylanthracene
Single-Pot Nitrosocarbonyl Ene Reactions
The following section highlights single-pot nitrosocarbonyl ene reactions for which the protocols are mild by virtue of the fact that extensive product decomposition is not observed.
The first example of a single-pot nitrosocarbonyl ene reaction was reported by Caramella and co-workers.
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The non-oxidative protocol, relying on the rearrangement of nitrile oxides with N-methylmorpholine-N-oxide, provided the ene adduct 9 in high yield, reinforcing the assessment that there is no inherent instability of nitrosocarbonyl ene adducts under non-oxidative conditions. Caramella and co-workers followed up shortly thereafter with another non-oxidative method which, again, produced the nitrosocarbonyl ene adducts in high yield from 1,2,4-oxadiazole-4-oxide 3 (Scheme 4). 15 While the work from Caramella provided a single-pot access to the nitroso ene adducts for the first time, accessing the nitrosocarbonyl compounds directly from the oxidation of hydroxamic acids provides more direct access to the reactive intermediates. The first example of single-pot oxidative generation of nitrosocarbonyl compounds for the ene reaction was reported by Adam and co-workers in 1999. 22 The method involves the slow addition of the hydroxamic acid to iodosobenzene diacetate and three equivalents of the olefin. The reaction is high-yielding for simple dienes with a variety of hydroxamic acids ( Table  1, 11 and 12) ; however, the yield suffered when an olefin bearing more sensitive functional groups was employed (Table 1, 13) .
A number of research groups have reported examples of the catalytic oxidation of hydroxamic acids employing transition metals and stoichiometric peroxides for both the Diels-Alder 13 and the ene reaction.
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The first reported example for the catalytic nitrosocarbonyl ene reaction was reported by Iwasa and co-workers in 2004. 24 While a number of transition-metal catalysts were used, the highest yields were achieved using copper(I) iodide ( Very recently, Tan and co-workers reported the use of photoredox catalysis for the oxidation of hydroxamic acids. Under the optimized reaction conditions (3 mol% rose Bengal, 10 mol% pyridine, MeCN, 35 °C, 11 W lamp), the nitrosocarbonyl ene adducts were isolated in high yield. 14 
Copper-Catalyzed Aerobic Oxidation for the Nitrosocarbonyl Ene Reaction
Inspired by the previous work in transition-metal-catalyzed oxidations, we set out to develop our own catalytic transformation. The primary effort in expanding nitrosocarbonyl chemistry was first identifying mild oxidation conditions that would circumvent the longstanding problem of product decomposition and limited substrate scope in the nitrosocarbonyl ene reaction (Scheme 5). After a brief catalyst screen, copper sources proved to be ideal for the reaction, with copper(II) chloride and copper(I) chloride reacting comparably (Table 3 , entries 4 and 5). Additionally, tert-butyl hydroperoxide could be used in lieu of hydrogen peroxide with no adverse effect on the yield (Table 3 , entry 6). During the course of the optimization, a dramatic variability in reaction yield was observed based on how rapidly the reaction was quenched after completion. In an effort to better understand this, the product was resubjected to the reaction conditions, and complete decomposition of the product was observed within 30 minutes. Moreover, if the reaction was left to stir for 40 minutes after completion, the product completely decomposed (Table 3 , entry 7). After this trend was observed across a broad range of substrates, an alternative oxidation method that did not decompose the products was sought.
Scheme 5 Identifying a mild oxidation protocol
In an early experiment, we noticed that N-hydroxycarbamate starting material 20 formed a small amount of nitrosocarbonyl ene product 21 using copper(II) chloride in refluxing tetrahydrofuran under an oxygen atmosphere (Table 4 , entry 1). While the isolated yield of the reaction was low (8%), the starting material was completely consumed under the reaction conditions, suggesting the viability of an aerobic oxidation process for the generation of the reactive nitroso species. By simply lowering the reaction temperature, the product could be isolated in good yield (Table 4 , entry 2). Interestingly, switching the copper source to copper(I) chloride dramatically improved both the reaction rate and yield (Table 4 , entry 3). A further rate enhancement was observed when pyridine was used as an additive in the reaction (Table 4 , entry 4); however, when larger amounts of pyridine were used, product decomposition again became competitive. Importantly, under the optimized reaction conditions (5 mol% CuCl, 1.25 mol% pyridine, THF, air, r.t.), no significant product decomposition was observed, even after extended periods of time. 25 The scope of the transformation is quite general (Table 5) . However, it is important to note that olefin geometry plays an important role in the intramolecular reaction: N-hydroxycarbamates bearing Z-olefins decompose under the reaction conditions. The reaction could be extended to include a number of hydroxylamines bearing common protecting groups that could be orthogonally deprotected, such as Boc, Cbz, Fmoc and Troc (25) (26) (27) (28) . Additionally, a wide range of olefin substitution patterns were well tolerated, affording the allylic N-hydroxycarbamates in moderate to excellent yield (29, 30, 37 and 38). When trisubstituted olefins were employed, the nitrosocarbonyl enophiles preferred to approach with a skew geometry. 26 Hydrogen atom abstraction preferentially occurs from the twix position in all cases (31-33 and 39). Electron-deficient olefins also reacted, albeit with extended reaction times; amides, esters and carboxylic acids all proved to be viable nucleophiles for the nitrosocarbonyl ene reaction (34-36). Furthermore, using (E)-N-(2-methylbut-2-enoyl)benzamide as the olefin starting material afforded the cyclic 2-isoxazolidinone 40 through a nitroso ene and lactonization cascade. In every case, the olefin was used in only slight excess, with no reduction in overall efficiency.
The nitrosocarbonyl ene reaction was successfully rendered asymmetric by using the tiglic acid derivative 42 bearing Oppolzer's sultam (Scheme 6). The choice of chiral auxiliary was based on the work of Adam and coworkers. 27 Interestingly, as with (E)-N-(2-methylbut-2-enoyl)benzamide, the ene adduct lactonized to liberate Oppolzer's sultam (43), which was quantitatively recovered from the reaction. The high stereoselectivity is explained by a Si-face attack, avoiding unfavorable steric interactions with the sulfone. 28 Additionally, the α,β-unsaturated carbonyl is locked anti to the sulfone due to steric clash with the norbornene bridge. This asymmetric ene reaction is a rare example of an asymmetric nitrosocarbonyl ene reaction.
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Scheme 6 Asymmetric nitrosocarbonyl ene reaction and proposed stereochemical model Over the last decade, significant progress has been made in the single-pot nitrosocarbonyl ene reaction. Going forward, we believe the nitrosocarbonyl ene reaction can be used as a test reaction to evaluate other mild protocols for generating nitrosocarbonyls in situ and hopefully this will lead to further advances.
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The Hetero-Diels-Alder Reaction as a Platform for Studying Aerobic Oxidation
Concurrent with our disclosure of the copper(I)-catalyzed aerobic oxidation of hydroxylamines for the nitroso ene reaction, Shea, Whiting and co-workers reported a similar copper(II)-catalyzed aerobic oxidation of hydroxylamines and hydrazines for the hetero-Diels-Alder reaction. 30 Under their developed methodology, a range of Cbz-protected 1,2-oxazines were accessible by way of an intermolecular hetero-Diels-Alder reaction (Table 6 , 46-52). Additionally, two N-substituted hydroxylamines with appended dienes were also trapped as the hetero-DielsAlder adducts in an intramolecular fashion (not shown). Importantly, the reaction provided a significant improvement in yield over the previously developed transitionmetal systems, and presumably this method will find future widespread applications.
Given the rich history of nitroso compounds in the heteroDiels-Alder reaction, we sought to develop a complementary approach to 1,2-oxazines using our methodology. While Shea and Whiting employed exclusively Cbz-protected hydroxylamines for the intermolecular heteroDiels-Alder reaction, 30 we elected to utilize a wide variety of N-substituted hydroxylamines in order to probe the breadth of our aerobic oxidation protocol. 
we first looked at the generation of acylnitroso species. As expected, the more electron-withdrawing acyl group slowed the rate of oxidation dramatically, relative to formate-substituted hydroxylamines. In order to increase the efficiency, the catalyst loading was increased to 20 mol% copper(I) chloride, and 5 mol% pyridine (Table  7) . While the aceto-and salicylhydroxamic acids (56 and 59) required heating (50°C) to help push the reaction to completion (58%, and 73%, respectively), the phenyl-and benzylhydroxamic acids (57 and 58) both readily oxidized and were efficiently trapped as the hetero-Diels-Alder adduct in 80% and 93%, respectively.
Hydroxylamines with formamide-derived protecting groups (60-63) were also readily oxidized under the aerobic conditions. Additionally, hydroxylamines bearing orthogonal formate-based protecting groups, such as Cbz, Boc, Troc, Fmoc, Nppoc and 4-methoxybenzyloxycarbonyl (Moz), all formed hetero-Diels-Alder adducts in high yield (47 and 64-68). Other Cbz-derived N-hydroxycarbamates with appended functional handles at the para position, such as tert-butyldimethylsilyloxy, trifluoromethyl and vinyl (69-71), also participated in the DielsAlder in high yield. The process is also tolerant of N-substituted hydroxylamines bearing other, noncarbonyl functional groups (72 and 75). Arylnitroso species are another class of widely used nitroso species and, unlike nitrosocarbonyl species, are benchtop stable. Typically, the arylnitroso Diels-Alder reaction under oxidative conditions is a poor, low-yielding reaction due to the competitive formation of dimerization products such as azoxybenzene. While we also initially observed significant formation of azoxybenzene, this unproductive side reaction could be circumvented by slow addition of the arylhydroxylamine via syringe pump. Under this new protocol, the products of reaction with nitrosobenzene and 3,5-dichloronitroso benzene, 73 and 76, could be isolated in high yield (84% and 81% respectively). Finally, using hydroxylamines bearing Oppolzer's sultam, 1,2-ozaxine 77 was prepared in quantitative yield and with perfect diastereoselectivity.
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While investigating the scope of the reaction, a dramatic difference was observed between the reactivity of acyclic and cyclic dienes. In addition to the competitive formation of the nitroso ene adduct, acyclic dienes such as dimethylbutene were much less efficient as trapping agents. Similar observations were independently reported by Shea and Whiting. 30 The reduced reactivity was attributed to the conformational equilibrium of s-cis and s-trans isomers of dimethylbutene. In order to better understand how this affects the hetero-Diels-Alder reaction, prenyl alcohol derived N-hydroxycarbamate, which can undergo a competitive intramolecular ene reaction, was subjected to the reaction conditions. Using cyclic dienes, the intermolecular hetero-Diels-Alder adducts 78 and 79 were observed exclusively, outcompeting the intramolecular ene reaction (Scheme 7). In contrast, use of acyclic dimethyl- butene as the diene led to exclusive formation of the N-hydroxyoxazolidinone 21 by an intramolecular ene cyclization. Based on this observation, caution should be taken when using dimethylbutene as the diene trapping agent for control experiments involving the rate of the nitroso Diels-Alder reaction versus ene reaction.
Scheme 7 Differing reactivity of cyclic and acyclic dienes
Since Kirby's pioneering report, 7 a number of oxidation protocols that are compatible with the nitrosocarbonyl hetero-Diels-Alder reaction have been reported. 3 Of these, the aerobic oxidation process is advantageous due to its mild nature, functional group compatibility and formation of benign oxidative byproducts. However these new conditions still need to be further explored in total synthesis to help gain a better understanding of their scope and limitations.
Dual Catalysis and α-Functionalization Reactions
The α-functionalization of carbonyl compounds is a vibrant area of research. Since 1924, 33 nitrosobenzene has been employed as an electrophilic heteroatom source, but the elegant work of Yamamoto and others revived the arylnitroso aldol reaction and provided conditions to control the regioselectivity of the transformation (Scheme 8, A).
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While the arylnitroso aldol reaction is used widely in synthesis, the α-amination reaction is limited by the use of nitrosobenzene due to the difficulty in cleaving the nitrogen-aryl bond (Scheme 8, B). In contrast to the arylnitroso aldol reaction, there was no example of a nitrosocarbonyl aldol reaction prior to 2012. Employing nitrosocarbonyl compounds in α-functionalization reactions allows for the further manipulation of products and therefore presents a better overall solution to this attractive synthetic method. The main challenge in this area is associated with identifying a mild oxidation process for the in situ formation of the nitrosocarbonyl in the presence of a suitable enolate equivalent. A promising solution resulted from merging our mild, general oxidation procedure with Lewis acid activation. The developed protocol involves the simultaneous activation of both the electrophile and nucleophile components of this reaction, with- 
20
n out decomposition of the reactive nitroso species, enabling access to both α-amination and α-oxygenation products that can be post-functionalized to deliver compounds of significant value (Scheme 8, C). 
α-Amination Reaction of β-Keto Esters
Direct and efficient construction of α-amino carbonyl compounds using an electrophilic source of nitrogen is a significant challenge in synthesis. α-Amino acids are recognized as valuable structural motifs in organic chemistry; their role as essential building blocks in peptide and protein chemistry and in biologically active small molecules is well documented.
As previously mentioned, in addition to our studies employing copper(I) to catalyze nitroso formation, Shea and Whiting have developed a copper(II)-catalyzed aerobic oxidation of N-hydroxycarbamates to nitrosoformates. 30 Importantly, copper(II) complexes have also been utilized to effectively generate enolates in metal-catalyzed functionalization of β-keto esters. With this information in hand, we demonstrated that the proposed α-amination of a β-keto ester with a nitrosoformate could be carried out through addition of copper(II) trifluoromethanesulfonate to our original optimized conditions [CuCl (5 mol%), pyridine (1.25 mol%), THF, air, r.t.]. Optimization resulted in an improved N-/O-selectivity from 3:1 to 11:1 through switching solvent (THF to MeOH) and further to 14:1 with the removal of pyridine from the reaction.
The scope of the transformation was investigated through varying the substituents on the β-keto ester and on the hydroxylamine (Table 8) . Substitution of the β-keto ester at the R 1 position with alkyl, benzyl and aryl groups (83-91) is well tolerated. Interestingly, the more sterically bulky isopropyl substrate 85 was formed efficiently in 91% yield. Varying the electronic nature of aryl substituents R 1 was found to have minimal effect on the reaction outcome (87-91). The reaction was fairly tolerant to steric bulk at the α-position R 2 (92-96) with excellent yields for the ethyl and benzyl substituents. The use of cyclic β-keto esters was moderately successful (95 and 96) however the O-regioisomer became more competitive, forming O-selective products in 25% and 40% yield respectively. Generally, the reaction rate slows and higher ratios of O-selective products are seen with an increase in steric bulk of the α-substituent, R 2 . With no α-substituent (97, R 2 = H), nitrogen-oxygen bond heterolysis was observed and the isolated product formed presumably through methanol trapping of an α-imino β-keto ester.
There are no significant steric constraints imposed by the ester moiety R 3 (98-101) and the reaction was tolerant of a range of protecting groups R 4 on nitrogen (102-108) with varied steric and electronic properties. Establishing that the reaction had, in fact, taken place on nitrogen was carried out through X-ray crystal structure analysis of 101. Transformations of the α-amination products that highlight the value of the chosen nitrosoformates as an electrophilic nitrogen source (Scheme 9) were carried out. Deprotection of Cbz and Boc substrates led to α-hydroxylamine product 110 under hydrogenolysis and acid-catalyzed procedures, respectively. No cleavage of the nitrogen-oxygen bond was seen under the reducing conditions and the products were surprisingly stable to column chromatography, presumably due to steric hindrance effects. Zinc and 2 M hydrochloric acid were employed to cleave the nitrogen-oxygen bond (111) and importantly, the free amine was obtained by hydrogenation (112). 35 Reduction of the β-keto functionality with sodium borohydride gave direct access to N-oxazolidinone 113 in a highly diastereoselective manner with X-ray crystal structure analysis of the O-acylated derivative being used to establish the relative stereochemistry. The gram-scale utility of the reaction was also tested; α-amination product 104 was isolated in 86% yield after 26 hours and, with a lowering of the catalyst loading to 1 mol%, a yield of 82% was achieved after 10 days.
5.2
α-Oxygenation Reaction of β-Keto Esters α-Oxygenation products, such as α-hydroxy-β-dicarbonyls, are of value synthetically, owing to the presence of the moiety within drug candidates and biologically significant compounds. The most convenient synthetic route to chiral α-hydroxy-β-dicarbonyl compounds is the asymmetric oxidation of β-dicarbonyl compounds using an electrophilic source of oxygen. Yamamoto was first to (Table 9) . 6a Importantly, this transformation illustrated that nitrosocarbonyl compounds could serve as a viable electrophilic source of oxygen, as well as nitrogen. Here, copper(II) catalysis is utilized, in a similar strategy to ours, to carry out enolization of a β-dicarbonyl species, but this time in the presence of manganese dioxide (5 equiv) as a mild oxidant. Syringe-pump addition of the hydroxamic acid ensures that condensation of the reactive nitroso species with unreacted hydroxamic acid is not a competing reaction pathway. The method is very general over the range of β-keto esters and β-keto thioesters employed and has excellent associated enantioselectivities (88-99% ee) achieved through utilizing the commercially available PhBox ligand. Substrates with substituents at both the keto-(116-118) and α-positions Of note is Yamamoto's demonstration of his method in an applied setting (Scheme 10). The antibacterial natural product (+)-kjellmanianone was synthesized in five steps and 97% ee from commercially available materials. Concurrent to completing studies on the related N-selective nitroso aldol reaction, we also investigated the feasibility of an O-selective α-oxygenation reaction of β-keto esters. After optimization, conditions were identified that allowed for a highly O-selective nitrosocarbonyl aldol reaction to be developed. This method complements our previously disclosed N-selective nitrosocarbonyl aldol reaction and the two, as a set, showcase the ambident reactivity of nitrosocarbonyl compounds. Under optimized reaction conditions [CuCl (5 mol%), Cu(OAc) 2 ·H 2 O (5 mol%), 2-ethyl-2-oxazoline (5 mol%), i-PrOH, air, r.t.], the scope of the α-oxygenation reaction was evaluated through modification of the β-keto ester and nitrosoformate ester components (Table 10 ). An increase of steric bulk at R 1 resulted in lower isolated yields of the desired products (129-131) due to an increase in the formation of N-selective product. Varying the substituent at R 2 from methyl to ethyl to benzyl worked well, but required three equivalents of the ester to achieve excellent yields. Fluorine was also tolerated at the R 2 position of the β-keto ester (134), again in excellent yield. Adjustment of the ester unit at R 3 was well tolerated (135-138) as was the use of lactone β-keto ester (139). In most cases, a minor amount of the α-amination product was observed and could be removed via column chromatography. With regard to cyclic β-keto esters, both five-and sixmembered rings worked well (140, 141), including one with substitution along the cyclic backbone (142). A wide range of carbamate-derived protecting groups were utilized: Cbz, Fmoc, Troc, Nppoc and Moz all gave exclusively the α-oxygenation product in good yield (147-150). In a similar manner to the acyclic β-keto esters, variations in the ester component R 3 (143-146) worked well. Interestingly, in the case of cyclic β-keto esters and regardless of the N-protected hydroxylamine used, all but one led to exclusive formation of the O-selective product. A 3% yield of the N-regioisomer was obtained from the reaction involving a 2,6-dimethylphenolic ester (146).
Most importantly, this work can be adapted to deliver an asymmetric transformation. Inspired by Yamamoto's work, a simple exchange of the 2-ethyl-2-oxazaline ligand for 6 mol% (R,R)-PhBox ligand renders the process asymmetric (Scheme 11). Variation in the ester moiety is accompanied by a change in the level of enantioselectivity achieved; replacement of the commercially available ethyl ester with a more sterically demanding tert-butyl ester resulted in an increase in the enantiomeric ratio from 92:8 to 99:1 (153 to 154). The 2,6-xylyl ester had a similar effect (155) but with a greater yield. We were pleased to find that the same conditions were also applicable to the cyclic β-keto esters (143-145); however, a decrease in en- In contrast to the typical demonstration of the utility of α-oxygenation products, which highlights the conversion to α-hydroxycarbonyls, the introduced substituted nitrogen was showcased as something other than a waste byproduct. Treatment of the α-oxygenation product 158 with 1,8-diazabicyclo [5.4 .0]undec-7-ene and vinyltriphenylphosphonium bromide resulted in its conversion into the highly substituted oxazine 159, bearing a quaternary center and a nitrogen substituent that can be deprotected. This Michael and Wittig cascade reaction can also be carried out in one pot, by addition of the annulation reagents directly to the α-oxygenation reaction mixture on completion of α-functionalization (Scheme 12).
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Alternatively, the α-oxygenation product 158 can be treated with vinyldiphenylsulfonium triflate to access epoxyazine 160 as a single diastereomer.
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This process is also tolerated well in a one-pot procedure, demonstrating that the mild conditions required to carry out the oxidation of hydroxamic acid derivatives to nitroso species allows other reactivity to be exploited.
Scheme 12 Annulation chemistry
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The Future of Nitroso Chemistry
While the identification of a mild aerobic oxidation of hydroxamic acids has enabled the expansion of nitrosocarbonyl chemistry into previously unexplored areas, there are still a large number of potential electrophilic amination and oxygenation reactions that have yet to be realized with nitrosocarbonyl compounds. In addition to developing new transformations, a catalytic enantioselective nitrosocarbonyl hetero-Diels-Alder, ene and N-selective aldol reaction would be a significant advance in this area. It is clear that nitrosocarbonyl chemistry is still in its infancy but it is also evident that progress in mild oxidation protocols has helped to push the boundary of nitrosocarbonyl chemistry. However, continued effort will be required to make nitrosocarbonyl compounds into broadly accepted and synthetically useful electrophilic reagents for the construction of both carbon-nitrogen and carbonoxygen bonds. 
